Purpose of Review The requirement for large quantities of therapeutic proteins has fueled a great interest in the production of recombinant proteins in plant bioreactors. The vaccines and bio-therapeutic protein production in plants hold the promise of significantly lowering the cost of manufacturing life-saving drugs. This review will reflect the current status and challenges that the molecular farming platform faces becoming a strategic solution for the development of low-cost bio-therapeutics for developing countries. Recent Findings Different plant parts have been successfully identified as suitable expression systems for the commercial production of therapeutic proteins for some human and animal diseases ranging from common cold to AIDS. The processed therapeutics from such sources are devoid of any toxic components. The large-scale cultivation of these transgenic plants would be possible anywhere in the world including developing countries, which lack sophisticated drug manufacturing units. A couple of such commercially generated products have already hit the market with success. Newer methods using suitable plant viruses and recombinant gene expression systems have already been devised for producing therapeutic proteins and peptides. Summary Plants are promising bio-factories for therapeutic protein production because of their several advantages over the other expression systems especially the advanced mechanisms for protein synthesis and post-translational modification which are very much similar to animal cells. Plant biotechnologists are much attracted to the bio-farming because of its flexibility, scalability, low manufacturing cost, as well as the lack of risk of toxic or pathogenic contamination. A number of projects on bio-farming are designed and are at various developmental stages but have not yet become available to the pharmaceutical industry. Therefore, we need further advancement in the optimization of lab protocols for up-scaling the production of such therapeutics at commercial level with a promise to offer their best clinical use.
Introduction
The costly and limited accessibility of vaccines and other therapeutic proteins in remote, poor regions of developing countries continues to prevent essential help to needy children. It is a disturbing fact that routine preventable infectious diseases remain a leading source of childhood mortality in the developing world today. In recent years, genetic engineering has dramatically opened the possibility of producing a variety of molecules of nutritional, therapeutic, and industrial importance in plants. Plants as bioreactors have therefore become a major choice for producing recombinant proteins for number of reasons including low cost of production with no safety and environmental issues. The first chimeric gene of human growth hormone is expressed in sunflower and tobacco plants through Ti plasmid [1] . Afterwards, mouse monoclonal antibody (mAb) was functionally produced in tobacco leaf [2] . When plants used as a bioreactor, then they may yield high amounts of recombinant proteins without any contamination of animals or humans pathogens and can be stored for a long duration without refrigeration. A number of recombinant proteins are tried to be produced in plants, and especially proteinbased pharmaceuticals productions have been partially shifted from other expression systems to plants and plant cell cultures [3, 4] (Figs. 1, 2 , and 3).
Protein Expression Systems Stable Transformation
Transgenic plants are used as bioreactors for the commercial production of biopharmaceutical because first, to attain high expression level of heterologous recombinant genes; secondly, their maneuver ability for easily design and produce new antigens in response to new pathogen subtypes; and third, to ensure the safety of produced proteins for use in humans or animals.
Nuclear Transformation
Many crops are nowadays used to transform and raising the transgenics, but the response of regeneration protocols is dependent on recalcitrant nature of specific genotype of the crops which further widened the scope of improvement in existing protocols as well as future protocol development and production of transgenic plants. Although the insertion of DNA can modify both nuclear as well as other organelle genomes, Agrobacterium-mediated transformation can able to produce a stable nuclear transformant. The transformed single host cell can regenerate into a whole plant directly or into a zygotic embryo. Either the haploid plant cells like pollen and egg can directly transform for successfully raising homozygous transgenic line [5] or by transforming non-gametic cells (somatic cells) for generating T 0 hemizygous lines which can self-cross to get homozygous lines in subsequent generations [6] . Thus, the establishment of an efficient, stable plant transformation and regeneration protocol is the first step for the continuous production of recombinant biopharmaceutical protein in any crop plant.
Plastid Transformation
Plant transgenic technologies were restricted to the nuclear genome for many years; however, the expression of human proteins in such cases has been disappointingly low in the range of 0.1-0.002% of total soluble protein e.g., human serum albumin [7] . The chloroplast is the second genome of the plant cell which can accommodate the genetic engineering changes and accumulates recombinant proteins up to 46% of . Biolistic and PEG-mediated transformation protocols are two major and important chloroplast transformation methods available [9] . However, it possesses a smaller circular genome of about 290 Kb with 100-250 genes than nuclear genomes, but plastid contains multiple copies of its genome and presents 50-60 plastids per single leaf cell [10] . The cloned transgene propagates in throughout the pool of plastid genomes which can accumulate large quantities recombinant protein up to 70% of the total soluble proteins [11•] . A homogenous trans-plastomic line can contain thousands of transgene integration in a single cell. Generation of fertile trans-plastomic lines are reported in potato and tobacco [12, 13] . However, leafy plants like carrot, petunia, and lettuce have been successfully used for plastid transformation [14, 15••] , but chloroplast is not always the appropriate choice for expression of all the type of protein like glycoproteins and synthetic proteins which may not express correctly and sufficiently [16] . Chloroplast transformation is advantageous for not only yield of desired proteins like somatotropin (7%), CTB (4.1%), and Bt toxin (5%) [17••, 18, 19] , but also its maternally stable expression which restricts transgene dispersal as per the GMO compliance. 
Transient Transformation
Transient expression of genes can provide advantages like the rapid production of protein, lack position effect, and ability to use recalcitrant plant genotypes for production. Many plant viruses like tobacco mosaic virus (TMV), cowpea mosaic virus (CPMV), alfalfa mosaic virus, potato virus (PVX) have been used successfully for this purpose [20] . However, initially first generation plant-based vaccines were produced against influenza virus [21, 22] , human papilloma virus [23, 24] , and norovirus [25] by modifying PVX or TMV. Nowadays, second-generation deconstructed viral vector that devoid of different viral elements which important for vector replication, DNA delivery, and their infectivity. These vectors are environmentally safe and usually provide high yield [20, 26] . But recombinant viruses which contain heterologous coat protein and sub-genomic promoters appeared much more stable [27] . Though in this system, only 5% of the coat protein was produced recombinantly [28] [29] [30] . It was also advantageous for cell surface presentation of foreign antigen along with viral coat protein. AMV coat proteins can accommodate more than 25 amino acid peptide as compare to TMV. This ability can also be utilized for the production of different subunit recombinant vaccines [28, 31, 32] . However, the stability of foreign gene containing viruses varies but loss of inserted genes was observed in each case [27] . To evaluate the transient expression of a tumor-specific antibody in tobacco vacuum infiltration of Agrobacterium were performed by Vaquero et al., [33] . The full-sized assembled antibody was accumulated to 1 mg/kg in fresh tobacco leaf by the infiltration of two independent Agrobacterium strains.
Recombinant Therapeutics for Humans Vaccines

Hepatitis B (HBV)
Plant-based vaccination strategy for HBV has been explored by a number of research groups. A modified N-terminus version of HBsAg was designed to present for both T cell and B cell epitopes. Modification of the antigen did not negatively impact its ability to form virus-like particles, indicating that this modified version of the antigen can be used to elicit a multivalent response [34] . The rice seed promoter Glub-4 was also utilized for cloning and expression of HBV antigen in rice seed. Binding region of pre-S1 (21-47 amino acid presurface-1) hepatocyte receptor was C-terminally linked with surface antigen (S) of HBV to form SS1 gene [35] . Antibodies that can be elicited from this pre-S1 region could then block against HBV binding to hepatocytes. This HBV fusion product was expressed at levels as great as 31.5 ng g − 1 of dry rice seed weight. Immunization of BALB/c mice with purified SS1 protein was able to induce antibodies against both pre-S1 and S antigens. Youm et al. [36] used a variety of orally administered doses of potato-derived HBsAg to determine their effects on the mouse immune response. In another study, transgenic tomato plants have also been used as an expression platform for HBsAg. Lou et al. [37] used different construct designs to optimize levels of HBVantigen for higher and more stable accumulation of HBsAg in tomato. HBsAg has also been expressed in lettuce, through the generation of transgenic plants via co-cultivation of cotyledons with Agrobacterium harboring the gene of interest [38] .
HIV (Human Immunodeficiency Virus)
Nef Gene Nef protein is involved in HIV progression and expressed in early stages of viral life cycle. Mutations in the nef gene are associated with long-term non-progression of virus in patients [39] . It can be found in the cells as two main isoforms translated by two in-frame translational start codons, p27 (27 kDa), which represent the full-length viral protein and p25 (25 kDa), 18 amino acid truncated form. N-terminal addition of myristoyl group is necessary for Nef protein anchoring at the cytosolic side of the membrane [40] . Use of a recombinant non-myristoylated Nef is considered advantageous in the production of a multicomponent vaccine as myristoylation site deletion abrogates Nef-mediated suppression of MHCI and CD4 cell-surface molecules [41, 42] , which typically prevent the lysis of HIV-1-infected primary cells through cytotoxic T lymphocyte [43] . Overall data indicate that plant-produced Nef could be effective in a prime-boost vaccination strategy.
Tat Gene HIV-1 Tat regulatory protein is a small nuclear molecule and enhances the efficiency and initiation of viral transcription. Tat is a well-conserved protein, particularly within its N-terminal residues [44] . Like Nef, Tat has also been expressed in plants as full-length or as a fusion protein in the attempt to improve its accumulation or immunogenicity. In 2007, the expression of HIV-1 Tat in tomato fruit and its immunogenicity was reported. Tat was also expressed in tomato plants fused to GUS protein (E-glucuronidase). Plant extracts were used to inject mice intradermally, and both Tat-specific antibody response and cytotoxic T lymphocyte (CTL) activity were shown [45] . The immunologically potential plant-produced HIV-1 p24 was obtained when p24 and IgA genes were engineered to express an antigen-antibody fusion protein in the ER of transgenic tobacco cells. Two recombinant proteins were detected, a monomer of 58 kDa and a dimer of 110 kDa, both recognized by p24-specific antibodies, indicating that the antigen was properly folded [46] .
Chimeric HIV Envelope Proteins
Viral pathogens like HIV-1 have developed the strategy to mutate surface proteins to escape recognition by immune cells rapidly. However, viral envelope proteins still harbor highly conserved peptides that are often associated with the production of neutralizing antibodies and known as Bprotective epitopes.^Even though cellular immunity may provide control of HIV replication, neutralizing antibodies represent the first protective barrier useful to reduce the viral load during the early stage of infection. As small molecules like peptides have low immunogenic potential, one strategy to produce subunit vaccines consists of the fusion of protective epitopes to heterologous carrier proteins (CPs). As a carrier of immunogenic peptides, plant viruses were successfully used to prepare chimeric viral particle (CVPs). CVPs demonstrated their efficiency in neutralizing anti-HIV immune responses. However, virus-like particles (VLPs) which do not contain the viral genome and are not infectious represent ideal particles regarding biosafety for the generation of novel plant virus-derived vaccine components.
Rabies
The rabies glycoprotein is the major antigen in the rabies coat protein. Agrobacterium-mediated transformation and expression of rabies antigen were first reported in tomato [47] . The glycoprotein expresses up to 10 ng/mg in the leaves with a differential glycosylated protein band of 60 and 62 kDa. In another report, mice were vaccinated with transformed tobacco and spinach leaves via oral and intraperitoneal routes [48] . Only 40% animals were survived during the viral challenge. Edible rabies vaccines were also tried to develop in maize and carrots. When challenged with vampires originated virus, it provides 100% protection in mice [49, 50•] . Biolistic transformation of maize embryogenic callus was done with the construct containing expression cassette of rabies G gene and CaMV35S promoters which flanked with matrix attachment regions (MARs). During oral administration of pellet formed with fine corn powder, all the animals were survived in the intra-cerebral viral challenge. Ashraf et al. fused full-length rabies glycoprotein gene with endoplasmic reticulum retention sequence (SEKDEL) and optimized the gene with plantspecific codons to improve its expression in plant [51••] . The expression of~66 kDa rabies glycoprotein in tobacco was 0.38% of the leaves TSP. Intraperitoneal immunization of the mice was done through 25 μg of rabies glycoprotein, and later mice were intra cerebrally challenged with CVS strain of rabies. Plant-derived G protein provides complete protection to the mice as a commercial vaccine. Furthermore, Ricin toxin B subunit (RTB) and Cholera toxin B chain (CTB) were used to explore their ability as both C-terminal and N-terminal fusion partner for Rabies glycoprotein (RGP) and utilized them as a 
Plantibodies for Humans
Hybridoma-derived y and k chains of murine antibody was first individually expressed in a plant in low concentration, but when these transgenic lines crossed with each other, the expression of assembled and functional antibody reaches up to 1.3% of leaf protein [2] . A flexible peptide chain linked variable domain of light and heavy chain of a synthetic antibody which called single-chain fragment variable (scFv). Two scFvs of different specificity can link with Trichoderma's cellobiohydrolase I linker to achieve unique bispecific therapeutic scFvs [56] .
Tumor Epitope Antibodies
Light and heavy chains of monoclonal antibody for colon cancer antigen (CO17-1A) were independently engineered into TMV vector and co-infect the tobacco to produce assembled full-length plant antibody [57] . Similar attempts were also made to express an assembled antibody of human carcinoembryonic antigen into tobacco. Vaquero et al. (1999) utilized two different Agrobacterium strains for simultaneous transient production and assembly of light and heavy chain in tobacco [33] . Single-chain Fv fragment for tumor epitope was also transiently expressed in tobacco through tobamoviral vector which induces protective murine immune response [58] . Advantages over traditional methods based on mammalian cells are the adaptability and speed of these novel plant expression systems and also the reduced costs [59] .
Herbicides Antibodies
Herbicides are major organic pollutant which contaminates water and soil of agricultural areas. There is always a possibility of residual contamination in agricultural and processed food product which imparts adverse impact on human health. So, antibody-based immuno-detection of this residual contaminant is useful. Paraquat and atrazine herbicide-specific scFvs were expressed at 0.014% of TSP in tobacco leaves [60] . Similarly, diuron-specific scFv were transiently produced in the range of 0.1-0.25% of TSP through PVX system [61] .
Streptococcus Mutans' Antibodies
Streptococcal cell surface adhesion antigen is a major reactive immunogenic molecule which known as Guy's 13. Correctly assembled recombinant Guy's 13 monoclonal antibodies were produced in tobacco [62] . Later secretory version of immunoglobulin A and G were also produced. However, analysis of N-linked glycosylation of IgG shows different glycosylation composition in which 60% contains (1, 2) xylose and (l, 3) fucose glycan residues [63] which might induce an immunogenic response. But the glycan or protein-specific antibodies against plant produced Guy's 13 were not observed during murine immunogenicity experiment [64] . Similarly, application of these antibodies was failed to prevent dental carries in humane caused due to Streptococcus mutans [65••] . The partially galactosylated murine antibody was produced in the plant when it crossed with another human 1, 4 galactosyltransferases transgene expressing plant [66] . This strategy can provide the solution for conflict due to the absence of transgene-related glycosylation pattern.
Supplements and Effector Molecules for Humans
Cytokines participate in various physiological processes like cell cycle and cell signaling and can be used for therapeutic purpose. IL-2, IL-11, GM-CSF, erythropoietin, and interferons like cytokines have established the clinical applications [67, 68] . Agrobacterium-mediated transformation and expression of various cytokines were done in tobacco. However, expression and accumulation of these genes were lower than the expectation. But, the biological activity of these recombinant cytokines was at par in in vitro assays. The shorter halflife of these cytokines could be the reason of lower expression. Interestingly, the expression of hIL-10 (humane interleukin-10) cytokines was increased up to 70 fold (55ng/mg protein) in ER lumen and its productio in low nicotin tobacco cultivar (cv. 81V9) make the oral administration of plant crude extract possible at a lower concentration.
Recombinant Immunotherapeutic for Animals Virus-like Particle (VLP) for Animals
The most important cause of severe losses in livestock production worldwide is viral disease. Vaccinations can not only control viral infections but also help to reduce the use of antibiotics during secondary infection in livestock. As we have seen earlier in the case humane, virus-like particles (VLPs) are used as multi-subunit protein vaccines which have the selfassembling capability and identical to the overall structure of native viruses [69] . Due to display ability of multimeric antigens to the immune system, VLPs can induce both humoral as well as cell-mediated immune response in greater degrees than normal monomeric subunit vaccines. VLPs do not need any adjuvants which also stimulate inflammatory T cell response [70] . VLPs derived from phages, insect, plant, and vertebrate viruses and can produce in large quantities in bacteria, yeast, mammalian, and insect cell lines [69] . The first report of plantbased expression of human hepatitis B virus antigen containing VLPs came in 1992 [71] . Further production of HIV-1 and HBV bivalent antigens through VLPs nanoparticles demonstrates the ability of this technology [72•] . Transient expression of Bluetongue virus (BTV) antigens as hetero-multimeric VLPs was able to induce a strong antibody response in sheep against BTV virus challenge [73] . Improved transient expression of Norwalk virus-derived VLPs in-plant is also shown [74] . Methods of Norwalk virus capsid protein expression in lettuce leaves and their scalability was also demonstrated by Lai et al. [75] . To avoid immune tolerance via insufficient antigen application through the oral route, VLP vaccine must be enriched, processed, and formulated as per standard practice [69] . Medicago Inc. has successfully used VLP-based plant transient expression system to produce influenza hemagglutinin vaccines (H1N1) [76] . The biggest achievement of this developed platform is that it gives the ability to develop any vaccine in a short span after knowing the antigen sequence and reduces down processing cost to ensure the low economic burden of veterinary vaccines [77] .
Subunit Vaccines
In the past decades, there were many attempts to develop the veterinary subunit vaccine to counter various diseases, but only a few were conducted in animals; these are summarized below as per animal specificity.
Poultry
In poultry, three major viral diseases are infectious bronchitis (IBV), infectious bursal disease (IBDV), and Newcastle disease (NDV). Infectious bronchitis virus (IBV) S1 glycoprotein was expressed in potato, and in another study VP2 protein of infectious bursal disease virus (IBDV) was expressed in rice seeds, were used to immunize the chicken orally and was found equally protective as a commercial vaccine [78] . However, transiently expressed VP2 antigen in Nicotiana benthamiana also induced neutralizing antibodies in chickens [79] . Expression of the recombinant hemagglutininneuraminidase coat protein of Newcastle disease virus in tobacco suspension culture and their injectable vaccine got USFDA approval in 2006 [80] . Expression of full-sized glycoprotein in rice and maize seed were subjected to efficacy test in other experiments [81] .
Swine
Swine are also infected with gut-related infectious bacteria and viruses. Bacterial entero-toxin produced by E. coli (ETEC) causes diarrhea in piglets. Along with this, frequent porcine gastro-enteritis disease is caused by a virus known as transmissible gastroenteritis coronavirus (TGEV). Subunit protein F4 fimbriae of ETEC are expressed in both seeds of barley [82] and leaves of tobacco [83] and alfalfa [84] . However, it is immunogenic but gives partial protection to piglets on oral delivery [84] . Whereas, envelope spike protein of TGEV expressed in maize seed shown their efficacy by producing neutralizing antibodies in piglets [85] . In addition to this, their one study in which coat protein of Bamboo mosaic virus was replaced with VP1 antigenic capsid protein of foot-and-mouth disease virus (FMDV) results into chimeric virion which retains their infectivity for propagation and expression of this VP1 antigenic in plants. Extracted chimeric virion was shown complete protection on intramuscular immunization of pigs [86] .
Cattle
Hemagglutinin of bovine rinderpest virus expressed in peanut which induces the virus neutralizing antibody when orally vaccinated the cattle [87] . Glycoprotein D of bovine herpes virus (BHV) was expressed in tobacco as tobacco mosaic virus-based vaccine which in turn was able to induce humoral and cellular immunity against BHV when injected into the castles [88] . In Argentina, a fusion product of E2 subunit of bovine viral diarrhea virus (BVDV) structural protein with peptide for targeting antigen presenting cell was expressed in alfalfa. This plant-made subunit vaccine partially purified and gave protection to calves on intramuscular administration [89] . Rabies virus is a zoonotic disease which transmitted from bats, raccoons, and foxes types of wild animals to pet animals and cattle. However, large numbers of wild animals pose a major hurdle for injectable vaccination, but bait mixed low-cost oral vaccine distribution in the endemic regions could provide a major solution for rabies control [90] . Hence, plant-based rabies virus glycoprotein (RVG) has been expressed in several plant species like tobacco, tomato, spinach, carrot, groundnut, and maize [47, 50•, 52, 55•, 91, 92] . Maize-produced rabies glycoprotein was used to immunize the sheep and also able to protect the animal during a viral challenge in a dose-dependent manner [93•] . This report suggests that plant-made rabies subunit may use as vaccine antigen in a different animal with variable potency.
Plantibodies for Animals
The first plant expressed IgG antibody was shown in 25 years back. Since then, various scientific reports have shown the ability of plant-produced antibodies against various pathogens diseases like cancer, HIV, and Ebola. [94] . Ebola epidemic that caused in West Africa draw the attention over plantproduced antibody cocktail ZMAPP. It protects the all the Rhesus macaques even at the advanced stage of Ebola disease [95] . Sporozoite-neutralizing single-chain antibodies against Coccidiosis parasite and Eimeria tenella were produced in pea and successfully prevent the gastrointestinal infections in chickens [96] . In another study, protection against enterotoxigenic E.coli infection in weaned piglets was achieved by oral administration of seeds IgA [97] . Though, single -chain antibody easily expressed in bacteria but for the production of complex glycoprotein, monoclonal antibody requires costeffective eukaryotic production system. The presence of molecular chaperone and glycosylation system, all the four glycosylated polypeptide expresses well in the in-plant expression system. Plants can easily produce secretory antibody IgA because they cannot only express but also assemble all four polypeptide components into a fully functional molecule [98] . Hence, plants can provide a valuable and superior large-scale protein expression system for mucosal antibodies.
Supplements and Effector Molecules for Animals
Due to the antibiotic resistance, the efficiency of the antibiotic gets declined against the major pathogenic bacteria sharply which limits our alternative to fight the infections. One of the prudent therapeutic options is lysin enzymes which hydrolyze the cell wall of bacteria and effectively check the populations of bacteria [99] . Plants can provide a cost-effective alternative platform for the production of any toxic bacterial proteins. Hence, expression and accumulation of functional lysozyme Cpl-1 and the amidase Pal genes were shown in tobacco plastid [100] . A short anti-microbial peptide which analogs of defensins and controls the viral, bacterial, and fungal infections were expressed in both transiently and transplastomic lines [101] [102] [103] . In the purview of the above, we can conclude that plants may offer cost-effective protein expression platform to express vaccine, anti-microbial peptides, antibodies, supplements, and antibiotics which can administer to animals in anyways through orally, intravenous, and intramuscular depending upon our need.
Conclusion
Plants as bioreactors provide a valuable platform for the production of recombinant therapeutic proteins for human as well as animal health. In recent years, successful commercialization of plant-produced antibodies and supplements provides the opportunity to explore this area more rigorously through biotechnological intervention for the solution of inherent problems of this system like plant-specific glycosylation and long-term expression stability. However, numerous studies demonstrated the advantages and feasibility of low-cost plant-based production platforms for various therapeutic proteins range from complex antibodies, therapeutic supplements, subunit vaccines, and immunogenic virus-like particles, but due to strict GMO regulation, very few therapeutic proteins can successfully pass this compliance and commercialize. Hence, we should more focus toward compliance fitted antibodies, VLP-based multivalent subunit vaccines, and therapeutic and food supplements especially for animals and then for human step-by-step manner to maintain our momentum.
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